Lactobacilli are found in a wide variety of habitats. Four species, Lactobacillus crispatus, L. gasseri, L. iners, and L. jensenii, are common and abundant in the human vagina and absent from other habitats. These may be adapted to the vagina and possess characteristics enabling them to thrive in that environment. Furthermore, stable codominance of multiple Lactobacillus species in a single community is infrequently observed. Thus, it is possible that individual vaginal Lactobacillus species possess unique characteristics that confer to them host-specific competitive advantages. We performed comparative functional genomic analyses of representatives of 25 species of Lactobacillus, searching for habitat-specific traits in the genomes of the vaginal lactobacilli. We found that the genomes of the vaginal species were significantly smaller and had significantly lower GC content than those of the nonvaginal species. No protein families were found to be specific to the vaginal species analyzed, but some were either overor underrepresented relative to nonvaginal species. We also found that within the vaginal species, each genome coded for species-specific protein families. Our results suggest that even though the vaginal species show no general signatures of adaptation to the vaginal environment, each species has specific and perhaps unique ways of interacting with its environment, be it the host or other microbes in the community. These findings will serve as a foundation for further exploring the role of lactobacilli in the ecological dynamics of vaginal microbial communities and their ultimate impact on host health.
L
actobacillus species are commonly found in the vaginas of healthy women. In a study describing the vaginal bacterial communities of 396 women, Ravel et al. (1) identified five community states based on similarity in community composition and structure. Four of these were dominated by one of four Lactobacillus species (L. crispatus, L. gasseri, L. iners, and L. jensenii), and the fifth was composed mainly of a mixture of strict anaerobes such as Prevotella, Megasphaera, and Atopobium. In the four community states characterized by a high abundance of lactobacilli, only one Lactobacillus species typically dominated a community. Furthermore, the relative proportions of community types differed among women of different ethnicities (1) . The same four species have been reported to dominate the vaginal communities of healthy women across the world (2) (3) (4) (5) (6) (7) (8) (9) . Even though the four Lactobacillus species commonly found and abundant in the human vagina have been isolated from other sites, their occurrence is extremely rare (10) (11) (12) (13) (14) . Furthermore, the vaginal microbial community of nonhuman primates is not dominated by Lactobacillus species (15) . For instance, in an analysis of the genital microbiota of the rhesus macaque, Spear et al. (16) found that the communities were somewhat similar to human vaginal communities of women with bacterial vaginosis, which is characterized by a shift from a flora dominated by lactobacilli to a mixed flora (17) , and when individuals belonging to the genus Lactobacillus were detected, they were present at a low relative abundance. This suggests that the human vaginal Lactobacillus species possess unique characteristics that enable them to thrive in this environment and exhibit habitat specialization.
The Lactobacillus genus is comprised of over 130 lactic-acidproducing species (18) that inhabit a variety of environments, namely, foodstuffs such as yogurt, wine, and cheese and various human body sites (19) . However, some species are found almost exclusively in specific habitats. In recent years, genomic analyses of lactobacilli have demonstrated that the pan-genome of this genus is very large, suggesting a relatively high degree of genetic and functional diversity among species (20) . Furthermore, these studies have facilitated a more comprehensive characterization of the genetic and phenotypic characteristics of these organisms (21) . Genomic studies of a wide variety of Lactobacillus species have been completed and can be divided into three categories: singlegenome characterization (see, e.g., references 22 and 23), comparative genomics of a wide range of species occupying several habitats (see, e.g., references 20, 24, 25, and 26) , and comparisons between two species occupying distinct habitats (see, e.g., reference 27). Work on the latter category has been aimed at identifying functional traits that could explain the existence of these organisms in their respective habitats. For example, O'Sullivan et al. (27) compared the genomes of 11 Lactobacillus species and identified sets of genes that were specific to the habitat commonly occupied by the species compared. The genome of Lactobacillus helveticus, a species that inhabits dairy products, coded for six dairy-specific genes that were absent from the genomes of the other species. The genome of Lactobacillus acidophilus, a gut inhabitant, coded for three genes that the authors considered to be specific to the gut environment. Lactobacillus bulgaricus is commonly used in the production of yogurt. While it has complete transport systems for lactose, mannose/glucose, fructose, and glycerol, the transport systems for cellobiose, sucrose, and maltose seem to have been lost after transition of the ancestral of this species from what appears to have been a plant-associated environment (28) . Likewise, the genome of L. rhamnosus strain LC705, a common probiotic, also contains genes encoding proteins such as three canonical pilus subunits and a sortase protein involved in pilus assembly, which may facilitate host-cell attachment and thus reflect its adaptation to the intestinal tract environment (25) .
While the vaginal lactobacilli have long been considered to be important for the maintenance of women's reproductive health (29, 30) , of the four dominant and most abundant species, only L. gasseri and L. iners have been the focus of genomic and genetic characterization. L. gasseri has been isolated from several sites in the human body (mouth, intestines, feces, and vagina [31] ). An analysis of the genome of a strain isolated from humans uncovered a high number of putative mucus-binding proteins, the highest among the lactobacilli (31) . L. iners is the species with the smallest genome among the lactobacilli, and its size is within the range of the genome sizes of several obligate symbionts and parasites (23) . L. iners AB-1 lacks genes necessary to synthesize any amino acids de novo, with the possible exception of serine. On the other hand, 15.6% of its genome is dedicated to various transport mechanisms (23) , suggesting that it may acquire many of the components needed for survival from the host or other organisms in the community.
We used comparative functional genomics to determine the potential protein repertoire and explore the ecology of the four Lactobacillus species most commonly found in the human vagina. Two main observations guided this work: L. crispatus, L. gasseri, L. iners, and L. jensenii are the most prominent Lactobacillus species found in the human vagina and do not seem to thrive in other environments; and each of these four species usually dominates the community in which it is found, with stable codominance of lactobacilli not frequently observed. We hypothesized that the functional profiles of all vaginal Lactobacillus species show signatures of adaptation to this environment. Because of the near-exclusive dominance of each of the four most abundant Lactobacillus species in the communities, we also expected to find differential representation of protein families involved in interactions with the environment in each of their profiles.
We found that the genomes of the vaginal Lactobacillus species show some features (reduced genome size and GC content) commonly associated with an obligately symbiotic lifestyle and present a plethora of genes encoding protein families that are overrepresented relative to their occurrence in the genomes of nonvaginal species. Analysis of the protein families coded by the genomes of each of the vaginal species suggests that they may have different mechanisms to interact with their environment, be it the host or other microbes. These findings will aid in making predictions about how each species contributes to the ecological dynamics of vaginal bacterial communities and, in turn, modulates host health.
MATERIALS AND METHODS
We retrieved the coding sequences of the genomes of 67 strains from 25 Lactobacillus species. These were reportedly isolated from three different sites: the gastrointestinal tract, food products, and the human vagina. We then identified homologous proteins and clustered them into protein families, yielding a total of 11,047 protein families. These make up the total functional potential of the strains used in this analysis. From this, we recorded the presence or absence of each protein family in the genomes and used the resulting matrix to estimate distances between pairs of strains. If different species are well adapted to an environment, they may be functionally more similar among themselves than to species that inhabit different environments and consequently may form a cluster in a distance representation. We also assigned functional annotations to each protein family based on information from multiple databases. We then estimated the over-and underrepresentation of the functional categories in the vaginal relative to nonvaginal Lactobacillus species to understand how different protein categories may be functionally more relevant to specifically occupying the vaginal environment. We also used Cramer's V to measure the degree of association between each protein family and specific groups of strains or species.
Sequences. Complete and draft genome sequences of bacteria in GenBank format (32) were retrieved from the National Center for Biotechnology Information (NCBI) FTP site at ftp://ftp.ncbi.nih.gov/genomes /Bacteria/ and from the PATRIC FTP site at ftp://ftp.patricbrc.org/patric 2/ (33). The downloaded material included data for the comparative genomics analyses of 67 Lactobacillus strains (Table 1) .
Software. Sequence data were analyzed using the G-language Genome Analysis Environment, version 1.8.13 (34) (35) (36) , available at http://www.g -language.org. Statistical analyses were implemented using R, version 2.15.0 (37), available at http://www.R-project.org/.
Protein repertoire analysis. Protein-coding sequences were retrieved from sequence information of chromosomes and plasmids of the bacterial strains (Table 1) . Homologous proteins were identified by BLASTP (38) on the criteria of an E value cutoff of 1e-5 and a minimum aligned sequence length coverage of 50% of a query sequence (abbreviated as E value Ͻ 1e-5 and Ͼ50% coverage). A cluster of homologous proteins (protein family) was built by all-against-all protein sequence comparison using BLASTP followed by Markov clustering (MCL) with an inflation factor of 1.2 (39) using MCLBLASTLINE (available at http://micans.org/mcl/). This method yielded 11,047 protein families containing 136,962 proteins from all the strains. To reduce annotation inconsistencies caused by differences in the gene-finding algorithms used in different genome-sequencing projects, we performed TBLASTN searches of each strain's proteome against all the other strains' genomes (E-value Ͻ 1e-5 and Ͼ50% coverage). The resulting protein repertoire (binary data for the presence or absence of each protein family) is shown in Table S1 in the supplemental material.
A value corresponding to 1 minus the Jaccard coefficient was used to measure pairwise distances between genomes based on their protein repertoires. To visualize the similarities in protein repertoire among genomes, we performed hierarchical clustering (average linkage clustering, or the unweighted-pair group method using average linkages [UPGMA]) on the distance matrix, and the clustering result was represented by a dendrogram.
We assigned functional annotations to each protein family by merging all the functional annotations of proteins belonging to the same protein family (deleting uninformative annotations such as "hypothetical protein"). We used multiple databases as follows : (2, 7, 8) . To examine overor underrepresented functional categories among vaginal relative to nonvaginal species, we calculated odds ratios (OR) and tested their significance using Fisher's exact test. A two-by-two contingency table was constructed for each functional category from the COG, JCVI, SEED, VFDB, and GO databases. This table included the following parameters: the number of protein families among the vaginal bacteria in this category (a); the number of protein families among the vaginal bacteria not in this category (b); the number of protein families among the nonvaginal bacteria in this category (c); and the number of protein families among the nonvaginal bacteria not in this category (d). The odds ratio (defined as ad/bc) was used to rank the relative overrepresentation (odds ratio Ͼ 1) or underrepresentation (odds ratio Ͻ 1) of each functional category. The P value obtained by Fisher's exact test was adjusted for the multiple comparisons by controlling for the false-discovery rate (FDR [44] ).
We calculated Cramer's V to screen protein families showing biased distributions between comparative groups: i.e., vaginal and nonvaginal bacteria. Cramer's V is a measure of the degree of correlation in contingency tables. Cramer's V values close to 0 indicate weak associations between variables, while those close to 1 indicate strong associations.
RESULTS

Even though
Lactobacillus species are associated with several sites in the human body, only 4 of the over 130 described species are commonly found in high abundance in the human vagina. Furthermore, each of these species typically inhabits distinct communities and the species do not often display patterns of stable codominance (1, 45) . We analyzed functional relationships of different species and strains of the Lactobacillus genus to understand whether the vaginal lactobacilli showed signatures of adaptation to their environment. We then analyzed the functional profile of each of the vaginal species to try to understand how they potentially interact with their environment and each other.
General genomic features. We surveyed the NCBI and PATRIC (33) databases and retrieved coding sequences for all sequences from the genus Lactobacillus marked as having the whole genome sequenced and as having been isolated from food, the gastrointestinal tract, or the human vagina. As of 9 April 2013, there were 75 draft or complete genome sequences. We then analyzed several reported features of the genomes and discarded sequences based on the following parameters: ambiguous isolation site, deviation of genome size or number of coding sequences (CDS) at a level of over 1.5ϫ that of the average genome size or number of CDS for the species, and lack of annotation of rRNA and tRNA gene sequences. The following strains were removed from the analysis: Lactobacillus casei BL23 (rRNAs and tRNAs were not annotated for this strain), L. fermentum 28-3-CHN (rRNAs were not annotated for this strain), L. iners LEAF_2052A-d, L. iners LEAF_2052A-b, L. iners LEAF_2062A-hi, and L. iners LEAF_3008A-a (the number of CDS for these strains was approximately twice the number reported for all the other strains of this species), L. jensenii 208-1 (the genome size reported for this strain was much larger than for the other strains of this species, and the CDS number was much higher), and L. gasseri ATCC 33323 (the isolation site reported for this strain was ambiguous). Table 1 lists the general genomic features of the bacterial strains analyzed. The genome sizes of the strains used in this analysis range from 1.23 Mbp to 3.36 Mbp, and the GC content ranges from 32% to 52%. The values for both the genome size and the GC content of the strains isolated from the vagina are significantly lower than those of the strains isolated from the other sites ( Fig. 1) Table 1 ). The clustering analysis performed did not differentiate the data into two subsets (see Fig. 3 ).
Protein repertoire of the Lactobacillus species analyzed. The genus Lactobacillus has a large pan-genome that codes for a wide variety of proteins (46) . The 136,962 protein coding sequences from the genomes of 67 strains (25 species) of Lactobacillus were classified into 11,047 homologous gene clusters or protein families (see Materials and Methods for details; see also Table S1 in the supplemental material). Of the 11,047 protein families, 5,091 were present in a single strain (singletons) and 5,956 were present in two or more strains; of those, 311 were conserved across all the strains (core). The core genes that persist over long periods may contain the essential genes required by all the strains within this genus under the conditions they experience. Figure 2 shows a rarefaction curve representing the addition of new protein families when each new genome sequence was added to the data set. Note that a protein family can contain multiple fragmented sequences derived from a single gene in draft genome sequences as well as homologs (e.g., orthologs, paralogs, and xenologs). Collectively, the members of the genus Lactobacillus show the presence of a high number of protein families (Ͼ10,000). As a point of reference, the same approach yielded 5,014 protein families containing 74,122 individual proteins from the 28 strains (12 species) of Staphylococcus and Macrococcus caseolyticus JCSCS5402 (47) . The high number of protein families is likely related to the wide distribution of lactobacilli in very diverse habitats (19) . More specifically, each of the four species that are found more commonly in the vagina, L. iners, L. crispatus, L. jensenii, and L. gasseri (1, 48) , has between 1,500 and 2,500 protein families by our measures.
To understand whether species isolated from the same environment were functionally similar in terms of their potential protein repertoire, we measured pairwise distances between all strains analyzed based on the presence or absence of each of the protein families that make up the total protein family repertoire and visualized their hierarchical clustering in a dendrogram (Fig. 3) . We hypothesized that species that were functionally adapted to a particular environment would be more similar to each other and so would form a cluster in the dendrogram. We found no clustering of the Lactobacillus species occupying each of the three sources (i.e., food, gastrointestinal tract, and vagina), suggesting that even if the species are adapted to a specific habitat, their functional potentials may still be very distinct (Fig. 3) . L. jensenii and L. gasseri formed a single cluster in the dendrogram, indicating that the protein repertoires of these two species are more similar to each other than to those of any of the other species (Fig. 3) .
Relative representation of protein categories and protein families in vaginal Lactobacillus species. The odds ratio (OR) was used to rank the relative underrepresentation (OR Ͻ 1) or overrepresentation (OR Ͼ 1) of each functional category in the 30 vaginal strains compared to their representation in the 37 nonvaginal strains isolated from the gastrointestinal tract and food (see Table S2 in the supplemental material for a comprehensive list). Note that a functional category can consist of one or more protein families. For example, 18 of the 11,047 protein families were assigned to COG1846, and the repertoires differed among species (see Table S1 ). The COG database defines four major functional categories, which are further subdivided into 25 categories, i.e., 5 classified as "information storage and processing," 10 classified as "cellular processes and signaling," 8 classified as "metabolism," and the last 2 classified as "poorly characterized" (ftp://ftp .ncbi.nih.gov/pub/COG/COG/fun.txt). Of the four COG major categories, "Metabolism" (OR ϭ 0.91) was underrepresented, while "Information storage and processing" (OR ϭ 1.12) was overrepresented. Of the 25 COG subcategories, "(Q) Secondary metabolites biosynthesis, transport, and catabolism" (OR ϭ 0.69), "(H) Coenzyme transport and metabolism" (OR ϭ 0.81), and "(E) Amino acid transport and metabolism" (OR ϭ 0.84) were underrepresented, while "(U) Intracellular trafficking, secretion, and vesicular transport" (OR ϭ 1.26), "(J) Translation, ribosomal structure, and biogenesis" (OR ϭ 1.20), and "(G) Carbohydrate transport and metabolism" (OR ϭ 1.14) were overrepresented (Fig. 4) .
We also found numerous specific COGs that were over-and underrepresented in the vaginal strains relative to the nonvaginal strains. Of the 1,939 COGs analyzed, 123 were significantly differentially represented (FDR Ͻ 0.01); 15 were overrepresented and 108 were underrepresented (see Table S2 in the supplemental material). The 108 underrepresented COGs included "COG0031 Cysteine synthase" (OR ϭ 0.043), "COG0620 Methionine synthase II (cobalamin-independent)" (OR ϭ 0.356), and "COG0498 Threonine synthase" (OR ϭ 0.421), which belong to the COG subcategory "(E) Amino acid transport and metabolism." Two protein families (no. 975 and 1414) were assigned to COG0498. The lack of some of the proteins that are responsible for the synthesis of amino acids supports the idea that the vaginal species had adapted or are experiencing ongoing adaptation to a symbiotic life style (28) . Figure 5 shows 37 COGs that were highly significant (FDR Ͻ 0.001), including those exclusively present (OR ϭ infinite) or absent (OR ϭ 0) in the vaginal species.
We further analyzed the four COGs that were present exclusively in the vaginal Lactobacillus species; two involved in phosphate transport (protein family no. Table S2 in the supplemental material). For this, we created a search term for each COG code and the keyword Lactobacillus on the NCBI website. We then ran a BLAST search on the protein sequence results, again restricting our search to the genus Lactobacillus. This allowed us to identify proteins that were similar to our four proteins but that were not considered as such based on the COG annotation. These analyses showed that the protein sequence corresponding to pitA (COG0306) was found exclusively in L. iners and L. jensenii. Furthermore, of all the genetic information relative to the genus Lactobacillus available in GenBank as of August 2013, only the genomes of three other organisms, L. farciminis, L. gigeriorum, and L. pasteurii, carry genes that code for a protein whose maximum alignment score with PitA is higher than 200 (49, 50) . PitA is a low-affinity inorganic phosphate transport protein (51, 52) . Similarly, the protein corresponding to COG1392 is identified as a phosphate transport regulator that is a distant homolog to PhoU. PhoU was found to be a repressor of phosphate transport (52, 53) in Escherichia coli. The product of the phoU gene is also involved in the persister phenotype that confers temporary resistance of bacterial cultures to multiple antibiotics (54) . Interestingly, of all the strains analyzed here, the protein sequence for phoU aligned significantly (E-value Ͻ 0.05) only with that of L. iners. Other lactobacilli with which the sequence aligned significantly were again L. farciminis, L. gigeriorum, and L. pasteurii, as well as Lactobacillus sp. 7_1_47FAA. A BLASTN analysis of the 16S rRNA gene sequence of this organism showed a 100% identity match to a partial sequence of the species L. iners. The unique presence of phoU in the genome of L. iners relative to the other genomes analyzed raises the possibility that phosphate acquisition is important to the physiology of this species in the vagina.
The other two protein families exclusively present in the vaginal Lactobacillus species were hydrolases. One was S-adenosylho-
FIG 3 Hierarchical clustering of
Lactobacillus strains based on dissimilarities in gene content. The dissimilarities were measured on binary data using Jaccard distance values, ranging from 0 to 1, to evaluate the presence or absence of each of the protein families. The bar on the left bottom of the figure represents a distance of 0.01. The different colors of the leaves represent the habitats from which the strains were isolated. Red represents strains isolated from food, green represents strains isolated from gastrointestinal tract, and blue represents strains isolated from the vagina. mocysteine hydrolase (COG0499). Of the genomes used in our analysis, the sequence of this protein aligns significantly only with protein sequences in L. iners. However, a BLAST search that included all available genetic information for the genus Lactobacillus also yielded a significant alignment with protein sequences found in the genomes of L. plantarum 16 and the L. iners strain Lactobacillus sp. 7_1_47FAA. Interestingly, there was also a significant alignment with 31% identity with the D-lactate dehydrogenase protein sequence of L. salivarius. It is possible that there was a co-option of the D-lactate dehydrogenase protein from L. iners to a different function (adenosylhomocysteine hydrolase) since this is absent from the genomes of L. iners analyzed. Also overrepresented in the vaginal species is a metal-dependent hydrolase (COG1451), although this function is characterized as being just a general prediction. Again, this protein is found only in L. iners and the L. iners strain Lactobacillus sp. 7_1_47FAA.
We also used Cramer's V to measure associations between protein families and the vaginal and nonvaginal species. A Cramer's V ϭ 1 indicates a complete association between the presence of a specific protein family and a particular group of species. The fact that we found no complete association between the protein families and the group with vaginal or nonvaginal species (Cramer's V ϭ 1) indicates that there are no protein families that exist exclusively in all the vaginal or all nonvaginal Lactobacillus strains. However, we detected protein families with high Cramer's V values close to 1, indicating a biased distribution between vaginal and nonvaginal strains. We set a threshold Cramer's V value of 0.7 as being biologically significant. This resulted in the 33 protein families showing significant association with either the group of vaginal strains (3 protein families) or the group of nonvaginal strains (30 protein families). Protein family no. 10091 was present in 21 of the 30 vaginal strains and absent in all of the 37 nonvaginal strains. This protein (locus_tag LineA_010100003225) is short (47 amino acids) and is a hypothetical protein without any known functions. Protein family no. 1081 (biotin synthase) and no. 1107 (branchedchain amino acid aminotransferase) were absent in all the 30 vaginal strains and present in 32 and 28 of the 37 nonvaginal strains, respectively (see Table S3 in the supplemental material).
Functional characteristics of each of the vaginal species. When present in a community, Lactobacillus species tend to dominate numerically, and codominance of Lactobacillus species is observed only occasionally (1) . Therefore, we focused our further analyses on the four most abundant Lactobacillus species found in the vagina in an attempt to identify species-specific traits that could explain the community patterns observed. The number of proteins present exclusively in each of the vaginal species was highest in L. crispatus, which has the largest genome on average, and lowest in L. iners, which has the smallest genome on average (Table 1 ). L. iners shows the highest number of absent protein families that are present in the other three vaginal species analyzed.
Each of the four vaginal species may possess a set of specific genes related to adaptation to vaginal environments that distinguishes it from the other vaginal species and nonvaginal species. Here we highlight some protein families that are present or absent in all strains of each of a given vaginal species in comparison to all strains of the other vaginal species and in comparison to all the other strains of lactobacilli used in our analysis. These are only some examples that we considered biologically interesting given the present knowledge about the biology of the species studied, particularly their interactions with the surrounding environment.
A complete list of all protein families with Cramer's V Ͼ 0.7 indicating a biased distribution for each species is given in Tables S4 to S11 in the supplemental material. Lactobacillus iners-specific genes. Among the species analyzed, L. iners is the one with the smallest genome on average (ϳ1.3 Mbp). A total of 67 protein families were present in all the 11 L. iners strains but absent in the 17 remaining vaginal strains belonging to L. crispatus, L. gasseri, and L. jensenii (see Table S4 in the supplemental material). All of the L. iners strains lacked several integral membrane proteins that were present in most of the other vaginal strains (protein families no. 106, 385, 844, 329, and 877).
On the other hand, several ABC transporter permeases, e.g., COG4587 (protein family no. 1651 and 2566) and COG3694 (protein family no. 1713 and 2565), were exclusively present in the L. iners strains analyzed, but other protein families involved in ABC transport, e.g., protein family no. 715 (COG3221) and 106 (COG4485), were absent from L. iners while present in all other vaginal strains. L. iners strains also lacked several protein families related to the acetyltransferase GNAT family (protein family no. 289, 881, 1019, 1077, 1200, and 1290) that were present in all other vaginal strains.
L. iners strains lacked several protein families that are identified as transcriptional regulators that respond to extracellular environmental signals, e.g., AraC family transcriptional regulators (protein family no. family no. 13 and 1250 [COG0583). Also of note is the presence of thiol-activated cytolysin (protein family no. 1965) in L. iners and its absence in all other Lactobacillus species analyzed. This likely corresponds to inerolysin (52), a broad-range cholesterol-dependent cytolysin. This toxin forms pores in epithelial cells and activates proinflammatory signaling and so is suggested to be a virulence factor for L. iners (55) . In support of this is the fact that this cytolysin is upregulated 6-fold under bacterial vaginosis conditions (56) . There are also 17 protein families that are absent from any of the 11 L. iners genomes but present in all of the other 56 Lactobacillus genomes in our analysis (see Table S5 in the supplemental material). Lactobacillus crispatus-specific genes. L. crispatus has the largest genome size of all the vaginal lactobacilli. A total of 143 protein families were present in all seven L. crispatus strains but absent in the 21 remaining vaginal strains (see Table S6 in the supplemental material). L. crispatus strains exclusively have a unique DNA polymerase (protein family no. 1490). In addition, the strains of this species have several protein families involved in organismal interactions that are absent from all other vaginal strains. Two of them are related to bacteriocins (protein family no. 1889 and 2918 [PF10439]), and two are involved in toxin-antitoxin systems (protein family no. 1863 and 1506). There are many studies on the possible interaction of vaginal Lactobacillus with phages (57-59) or plasmids (60) . Our analysis showed that the L. crispatus-specific genes included those related to mobile genetic elements such as integrase/recombinase (protein family no. 1124), abortive phage resistance protein (no. 1999), phage shock protein C (no. 865), ParE-domain protein (no. 3237), and temperaturesensitive replication protein (no. 1637). Transposases (61), e.g., COG0675 (protein family no. 34 and 1347), COG3385 (protein family no. 207 and 800), and COG3436 (protein family no. 310 and 730), were enriched in L. crispatus. A total of four protein families, uncharacterized conserved secreted or membrane protein (protein family no. 921), bile salt transporter (no. 985), 3-dehydroquinate dehydratase (no. 1092), and acetyltransferases (no. 1379), were absent in all the L. crispatus strains but present in all of the 21 vaginal strains belonging to L. iners, L. gasseri, and L. jensenii (see Table S6 ). In addition, we found that the genome of L. crispatus codes for 26 protein families that are not found in the other Lactobacillus species analyzed (see Table S7 ). Among them are two LPXTG-motif cell wall anchor domain proteins (protein family no. 2568 and 2916 [23, 46, 62] ). We did not find any protein families that were absent from L. crispatus and present in all other Lactobacillus species (i.e., Cramer's V ϭ 1) or proteins more abundant in L. crispatus than in other Lactobacillus species (i.e., Cramer's V Ͼ 0.7). As observed for L. gasseri, this is likely correlated to the large genome size of this species compared to the other vaginal lactobacilli. The number, and thus the presence, of protein families annotated as transposases tended to be lower and the genome size tended to be smaller in vaginal species relative to the other Lactobacillus species, but L. crispatus represents an exception (Table 1). These results suggest that in this species, the genome size may have increased due to transposable element amplification (a proliferation of transposons) (63) and gene gain via horizontal transfer.
Lactobacillus gasseri-specific genes. A total of 122 protein families were present in all four L. gasseri strains but absent in the 24 strains from the other three vaginal species (see Table S8 Table S8 ). A set of six protein families was absent in all four L. gasseri strains but present in the other three vaginal species (see Table S8 ). In addition, the genome of L. gasseri contains sequences coding for 57 protein families that are absent from all the other genomes in our analysis (see Table S9 ). Among them are acetyltransferases (protein family no. 2994), transcriptional regulators (protein family no. 3454 [COG1846]), and an inner membrane permease of ABC transporter (protein family no. 3711).
Lactobacillus jensenii-specific genes. A total of 83 protein families were present in all six L. jensenii strains but absent in all 22 strains from the other three vaginal species (see Table S10 in the supplemental material). Table S10 ). This species lacks proteins involved in the glucitor/sorbitol phosphotransferase system (protein family no. 804 [COG3731] ) that are present in the strains of all the other vaginal species (see Table S10 ). Finally, L. jensenii has 43 unique protein families that were absent from all other Lactobacillus species in our analysis (see Table S11 ). Unfortunately, only a small subset of these is annotated. Table S11 ). The proteins listed above thus show a lack of particular signatures (exclusive presence or absence) indicative of the potential of this species to interact with the environment.
These examples show that the four most commonly found vaginal Lactobacillus species may potentially have different mechanisms of interacting with the environment, be it the host or other microbes in the community. This in turn may result in the existence of abilities that are unique to each species allowing them to establish a stable population in the vaginal environment and lead to their almost exclusive dominance in the communities they are part of, as each species is more likely to be better adapted to a particular environment.
DISCUSSION
Lactobacillus is a diverse genus with members inhabiting various habitats, including our own bodies as well as various food and dairy products (19) . The growing number of sequenced genomes from members of this genus enables comparative genomic studies to address aspects of the biology and natural history of these organisms. For instance, L. bulgaricus (strain ATCC 11842) has undergone significant genome reduction and lost many genes related to carbohydrate metabolism, supporting the view that this species has adapted to its current stable environment (yogurt) following colonization from a plant environment (28) . The pan-genome of L. casei also showed that this species has remarkable genetic variation that is associated with its multiniche distribution (14) . In this study, we used comparative genomics to understand whether the genomes of the most common and abundant vaginal Lactobacillus species, L. iners, L. jensenii, L. crispatus, and L. gasseri (1) , have signatures that suggest that they have specialized to succeed in the human vaginal environment (64) .
The genomes of vaginal Lactobacillus species are significantly smaller ( Fig. 1) than those of their close relatives residing in other environments, and this suggests that these species show some degree of adaptation to a host-dependent lifestyle, even if the adaptation is facultative (65) . Genome size reduction is often observed in species that are dependent on a host for survival, since the host provides essential compounds and a stable environment for its symbionts (64, 66) , thus relaxing selection for the maintenance of some genes necessary for survival as a free-living organism. For instance, some of the smallest genomes have been observed in bacteria that are obligate intracellular symbionts, which depend completely on the host for growth (65) .
The genomes of host-dependent symbionts also tend to differ significantly from the genomes of free-living bacteria in terms of gene content. Among the differences between bacteria with different lifestyles, Merhej et al. (65) found that the genomes of hostdependent bacteria had an overrepresentation of genes involved in DNA replication, recombination, and repair, RNA processing and modification, translation, posttranslational modification, intracellular trafficking, and secretion. Genes coding for proteins involved in transcription, such as transcriptional regulators, defense mechanisms, transport and metabolism of amino acids, inorganic ions, and secondary metabolites were underrepresented in host-dependent bacteria (65) .
We observed that the genomes of the vaginal lactobacilli shared some of these traits with host-dependent bacteria, suggesting a certain degree of association between these species and the host. However, reduced genomes of host-dependent bacteria also tend to maintain genes related to the provision of biological compounds to the host (65, 67) , thus establishing a mutualistic relationship with the host where both players benefit from their interaction. This was not observed in the vaginal species, suggesting that, if there is a mutually beneficial relationship between these organisms and the women that harbor them, it is not based solely on the provision of compounds, such as amino acids, that the host is unable to synthesize.
Genes coding for complete biosynthetic pathways were previously found to be absent in vaginal lactobacilli relative to nonvaginal species (23) , and this could suggest that the former are somehow utilizing compounds produced by the host. However, the vaginal bacterial communities are composed of hundreds of different species (1, 7) which, in addition to the host, could complement the metabolic needs of the Lactobacillus species. The ability to utilize resources secreted by other members of the community could thus be another factor influencing genome reduction by the loss of function of some genes, as suggested by the Black Queen hypothesis (68) . This hypothesis posits that species may lose essential genes if their products are provided by other organisms in their communities (68) .
The bacteria that inhabit the human vagina are not uniform across women, and even the same woman can have remarkable changes in the identity and relative abundances of vaginal bacterial species through time (1, 32) . Although codominance of Lactobacillus species in a vaginal bacterial community can occur, it is not very common. This may be due to interspecies competition for nutrients or space, which may lead to the establishment of only one Lactobacillus species and exclusion of competitors. For instance, while both L. reuteri and L. johnsonii can inhabit the gut of vertebrates, this is possible only because nutritional adaptations provide niche differentiation that allows cohabitation by the two species through resource partitioning (69) .
It is also possible that the relative abundances of the different Lactobacillus species are determined in part by the woman and by the other microbes in the vaginal environment. In this case, the representation of each of the Lactobacillus species depends on how each is able to respond to its particular environment. Our analysis of the genomes of the four most abundant and commonly found vaginal Lactobacillus species revealed they have genes encoding proteins that can facilitate different kinds of interactions between the bacterium and its environment, be it the host or other members in the microbiota. For instance, the genome of L. iners encodes a thiol-activated cytolysin (70) . Proteins such as these are intimately involved in pathogenesis, and their main targets seem to be cells involved in host defense against invasion by pathogens (58). Recent work has shown that the gene encoding this protein is upregulated during the occurrence of bacterial vaginosis (56) . The genome of L. crispatus codes for several protein families that are involved in organismal interactions, such as resistance to phage infections, bacteriocin-type sequences, toxin-antitoxin systems, and a putative plasmid stabilization system. Interestingly, of the four vaginal Lactobacillus species, lysogeny leading to the release of phage particles is most commonly observed in L. crispatus isolates (57) . Furthermore, only the genome of L. gasseri codes for a pediocin immunity protein. This bacteriocin is produced by Pediococcus sp. (26) ., individuals of which may also be found in vaginal bacterial communities (7) .
In this study, we performed comparative genomics analyses to explore characteristics (e.g., genome size, GC content, and protein family repertoire) of vaginal Lactobacillus species to gain a better insight into their adaptation to the vaginal environment. We found that each of the four vaginal Lactobacillus species uniquely possesses or lacks numerous different kinds of protein families. This suggests that each species has experienced lineage-specific gene gain and loss and thus developed a unique set of protein families. The whole gene repertoire of a genome and consequently its functional potential can reflect various evolutionary events, including both vertical and horizontal transfer of genes and their duplication and loss events (71, 72) . Convergent evolution leading to adaptation to a particular environment would be reflected in a similarity of functional profiles. For the Lactobacillus species analyzed here, we found no evidence that the whole-protein profiles of the four vaginal species or the species isolated from the other sites (gastrointestinal tract and food products) are more similar to each other than to those of any of the other species (Fig. 3) , and so we cannot conclude that the functional profiles of the Lactobacillus species occupying the same habitat have converged to be similar as a whole. However, the functional profile of the vaginal species can potentially account for the variation found in acid generation, hydrogen peroxide production, bacteriocin production, biofilm formation, plasmid content, and antimicrobial susceptibility of indigenous vaginal lactobacilli from healthy women (73) . The increasing number of genome sequences available for strains within the same species will help narrow down speciesspecific genes that influence their ecological and evolutionary dynamics. Genes gained and lost within each lineage of the four vaginal Lactobacillus species may provide clues to the adaptation of each lineage into vaginal environments, but many of the genes uniquely present and absent in each species are hypothetical or poorly characterized proteins. In the future, studies aimed at functional characterization of these species-specific genes should reveal details of how lactobacilli have adapted to the human vagina.
